Observations in the nearshore surf zone at Duck, North Carolina, by Oltman-Shay et al. [1989] showed the existence of alongshore propagating disturbances associated with the presence of alongshore currents. The observed propagating disturbances have different character than surface gravity waves because their wave periods (ndOO s) are too long in comparison with their wavelength (1OO m) to be gravity waves. Bowen and Holman [ 1989] used linear analysis to show that the disturbances could be caused by shear instabilities in the alongshore currents. Dodd et al. [1992] obtained good agreement of wavelengths and wave speeds from observations and from theoretical predictions based on the most unstable mode from a linear stability analysis using realistic estimates of mean currents and barred beach bottom topography and including bottom friction effects.
alongshore currents in the nearshore surf zone over barred beach topography are studied using numerical experiments. These experiments extend the recent study of Allen et al. [1996] , which utilized plane beach (constant slope) topography by including shore-parallel sandbars. The model involves finite-difference solutions to the nonlinear shallow water equations for forced, dissipative, initial-value problems and employs periodic boundary conditions in the alongshore direction. Effects of dissipation are modeled by linear bottom friction. Forcing for the alongshore currents is specified using a model formulated by Thornton and Guza [1986] (T-G). Distinct classes of flows develop depending on the dimensionless parameter Q, the ratio of an advective to a frictional timescale. For Q greater than a critical value Qc the flows are linearly stable. For z.Q = Qc -Q > 0 the flow is unstable. For small values of LQ, equilibrated shear waves develop that propagate alongshore at phase speeds and wavelengths that are in agreement with predictions from linear theory for the most unstable mode. At intermediate values of Q, unsteady vortices form and exhibit nonlinear interactions as they propagate alongshore, occasionally merging, pairing, or being shed seaward of the sandbar. At the largest values of Q examined, the resulting flow field resembles a turbulent shear flow. A net effect of the instabilities at large tQ is to distribute the time-averaged alongshore momentum from local maxima of the T-G forcing, located over the sandbar and near the shore, into the region of the trough. The across-shore structure of the time-averaged alongshore current is in substantially better qualitative agreement with observations than that given by a steady frictional balance with T-G forcing. The results point to the possible existence in the nearshore surf zone of an energetic eddy field associated with instabilities of the alongshore current. 18, 357 Several fundamental aspects of the dynamical behavior of finite-amplitude shear waves over beach topography similar to that at Duck, North Carolina, have yet to be explained. Why do the disturbances retain wavelike properties if they are unstable? Is there an equilibration mechanism at finite amplitude that stabilizes the flow? How does the resulting flow depend on beach topography, dissipation processes, and the alongshore current forcing conditions? Allen et al. [1996] addressed some of these questions in a study of nonlinear shear waves on plane (i.e., constant slope) beaches. Observations of shear waves, however, have primarily been reported from field experiments at Duck, North Carolina, on a beach that includes a shore-parallel sandbar. The purpose of our present study is to extend the work of Allen et al. [19961 to include barred beaches. The primary objective is to examine the effect that the barred beach topography has on the resulting nonlinear flows with forcing specified by the model of Thornton and Guza [1986] .
With regard to other studies of the finite-amplitude behavior of shear instabilities we note that some prelim-mary results have been obtained by Dodd and Thornton [1993] using weakly nonlinear theory and by Faiques et al. [1995] , Deigaard et at. [19951, and Ozkan-Haller and Kirby [1997] using numerical experiments.
The numerical experiments of Allen et at. [1996] involved finite-difference solutions to the nonlinear shallow water equations for dissipative, initial-value problems with idealized forcing. It was shown that the flow response depends on a dimensionless parameter Q = pL/Vha, representing the ratio of an advective to a frictional time scale, where p is the bottom friction coefficient, VM is the maximum alongshore velocity, and ho/L is the beach slope. Below a critical value Qc, the flows are linearly unstable, and disturbances grow initially at the wavelength of the most unstable The barred beach model utilized in the present study is forced by the Thornton and Guza [1986] alongshore current model, which is based on a time-averaged momentum balance between the across-shore gradient of the wave-induced momentum flux from obliquely incident, breaking surface waves and the alongshore bed shear stress. The Thornton and Gina [1986] (hereinafter referred to as T-G) model has been successful at predicting observed mean alongshore current profiles on plane beaches. The model, however, has not been as successful for barred beaches, where it predicts that the largest currents will be found over the bar and at the coast, with relatively small currents in the trough shoreward of the sandbar [e.g., Church and Thornton, 1993] . Strong alongshore currents are often observed in the trough, however, in contrast to the predictions of the T-G model [e.g., Smith et at., 1993] . These discrepancies have led to investigation of other horizontal diffusive processes by which momentum input from obliquely incident breaking waves could be distributed. Other approaches have been to include horizontal turbulent eddy diffusivities [e.g., Battjes, 1975; Thornton and Guza, 1986] or breaking wave roller models that broaden the region of momentum input [e.g., Svendsen, 1984] in the T-G type models. We purposefully use the basic T-G model without modification of the forcing mechanism to assess the effects of horizontal momentum diffusion from current instabilities alone and to avoid complications from the inclusion of additional uncertain horizontal diffusive processes.
Several questions concerning the behavior of alongshore currents when sandbars are present remain unanswered. Can the existence of significant mean alongshore currents in the trough be related to the presence of instabilities in the alongshore current? Does the T-G model make reasonable predictions for the forcing from obliquely incident breaking surface waves, but is the time-mean momentum then redistributed by Reynolds stresses associated with the instabilities? Does the presence of a sandbar change the flow behavior from that observed over plane beaches? We attempt to address these questions by conducting numerical experiments.
Our approach is to select barred beach profiles simiLar to topography measured at Duck, North Carolina.
The topography is held fixed for each set of experiments in which the bottom friction coefficient is varied. The observed flow behavior for barred beaches with T-G forcing is found to have strong qualitative differences from the behavior obtained for plane beaches. To examine and verify the generality of these differences, we present results from experiments with two different barred beach profiles. We emphasize that in these experiments we focus on a study of the dependence of the general characteristics of the flow on the magnitude of Q through variations in the bottom friction coefficient p and we do not pursue detailed comparisons with field data. The nature of the flow response is found to be sensitively dependent on the value assumed for the bottom friction coefficient. Given this sensitivity and the fact that quantitative representations of bottom frictional processes in the surf zone are not well established, we feel the present process-oriented studies are a desirable prerequisite to studies that attempt direct simulations of conditions during field experiments.
The paper is organized into four sections. Section 2 contains the problem formulation. The numerical experiments are described in section 3. Section 3.1 introduces the basic flow features, section 3.2 contains analysis of integrated flow properties, and section 3.3 presents results related to alongshore propagation rates. A summary and conclusions are given in section 4.
Formulation
Numerical experiments involving finite-difference solutions to the shallow water equations for idealized, forced, dissipative, initial-value problems are utilized to study the nonlinear dynamics associated with shear instabilities of alongshore currents in the surf zone over beaches with shore-parallel sandbars. We select the simplest fluid dynamical system that retains the essential physics of this problem. The model geometry is periodic in the alongshore direction and bounded offshore of the region of interest by a vertical wall (Figure 1) . Forcing effects from obliquely incident breaking surface waves are approximated by a steady body force in the alongshore momentum equation. Dissipation is modeled by linear bottom friction. Weak biharmonic friction is included to provide additional numerical dissipation at high wavenumbers in the finite-difference solutions. The rigid-lid approximation is also invoiced.
The governing shallow water equations are employed in dimensional form as (hu) + (hv) = 0, Figure 1 . Schematic of the model geometry showing the computational domain. Details of the beach profiles are described in Appendix A.
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Vj+UVx+VVy=P h vVv, (ic) where Cartesian coordinates (x, y) are aligned across shore and alongshore, respectively, with x = 0 at the coast, t Is time, (u,v) are velocity components in the (x, y) directions, p is pressure, Po is the constant fluid density, h = h(x) is the depth, p is a bottom friction coefficient, and ji is a small biharmonic diffusion coefficient. A steady forcing term F = popV(x,y)/h(x) is applied to the y momentum equation to represent momentum input from breaking surface waves.
Dimensionless variables are formed using the characteristic scales (Ls, h0, V) for a horizontal length scale, a depth scale, and a velocity, respectively. The characteristic velocity Vm is related to the magnitude of the forcing based on scaling appropriate for a steady, y independent, forced flow balanced by bottom friction and is chosen as the maximum of the forced profile VTGE (defined below). We choose the horizontal length scale Ls as the across-shore distance from the coast to the x position of the crest of the sandbar where the depth of the water is h0 = h(x = Ls). The rigid-lid approximation is utilized based on the assumption that the characteristic timescale is the advective timescale tc = Ls/Vm and on the scaling estimate that V, << 9h0, where g is the acceleration of gravity [e.g., Bowen and Ifolman, 19891 . The latter condition is reasonably well satisfied for typical scale values Vm 1 m r' and h0 2 in. In general, we consider R' <C 1 so that Q is the primary dimensionless parameter upon which the solutions depend. Note that Q represents the ratio of an advective timescale Ls/Vm to a frictional timescale ho/p. The numerical experiments reported here are performed in dimensional variables. The dynamical similarity for a specified beach bathymetry indicated by the dimensionless equations (3) and the dependence on the dimensionless parameters Q and R' can be recovered, of course, by rescaling. Henceforth we use (1) and dimensional variables.
The basic geometry of the model is shown in Figure  1 The numerical model is described in detail by Allen et at. [1996] . It is a finite difference model written in conservation form on a staggered (C) grid using AdamsBashforth time stepping and a direct Poisson solver to obtain the pressure field. The grid spacing is uniform (Ax = Ay) and set at either 2.0 or 2.5 m and the time step At 0.2 s. The biharmonic friction coefficient v = 1.25 m4 s for 2.0 m grid resolution or v = 2.5 m4 s for 2.5 m grid resolution. With Ls lOOm and Vm 1 m sfl', (5) gives R' 10-6 << 1 so that the biharmonic friction, which adds numerical damping at small length scales (4 m), has little influence on the dynamics of the instabilities of interest here.
The boundary conditions in x correspond to no normal flow at the shore and at the offshore boundary, i.e., The hiharmonic diffusion operator requires the additional boundary conditions u=v=v2,=0 x=O,L. Two representations for the beach bottom topography h(x) with shore-parallel sandbars are utilized. These are described in Appendix A and shown in Figure 2. Also shown in Figure 2 are velocity profiles derived from the Thornton and Cuza [1986] model (Appendix B) which represent the effective forcing as described below.
The T-G model predicts steady state frictionally balanced alongshore currents VTG for specified wave field parameters using an approximate steady alongshore momentum balance between the gradient of the radiation stress (or wave-induced momentum flux) and the bottom stress. The submodel parameters are specified in Appendix B. The parameter that distinguishes the resulting velocity profiles is the linear coefficient of bottom friction .t. For these experiments, bottom friction coefficients are examined across a range of p values appropriate for nearshore environments [e.g., Dodd, 1994] . Values of ,u used for beach 1 (Figure 2 [e.g., Dodd, 1994] , then the specified values of p correspond to values of C1 in the range 0.002 -0.012.
For these experiments we utilize the forcing V(x, y) in (ic) as obtained from the Thornton and Cuza [1986] submodel with small y dependent perturbations added, i.e., V(x,y) = VTG(X) [1 + fb(y)] (8) where fb(y) = cbcos (2jy/L - (9) For the experiments presented below = 0.001, J = 12, and represent random phases. The sensitivity of the results is examined for different values of between 10-' and 0.1. It was found that the long time behavior (t > 5 h) of the flows is independent of the perturbation amplitude over this range.
The VTG profile for barred beaches results in relatively large gradients and large values near the beach at x = 0 as a result of the assumption that all of the shoaling wave energy is dissipated as the wave reaches the shore. This approximation is less realistic for steeper beaches as some wave energy is reflected offshore [e.g., Elgar et al., 1994] . Because of the unrealistically large gradients of VTG between x = 0 and 30 m, biharmonic diffusion in (ic) plays a role in this region. Conse- quently, in order to obtain an expression for the alongshore velocity that would result in a steady balance of T-G forcing with friction, we define VTGE(X) as the solution to vV4vTGE+VTE/VT) =0, (10) with boundary conditions (7), and we regard VTGE(X) as representing the effective forcing. For x > 30 m, biharmonic diffusion plays a minor role in the momentum balance, and there is no noticeable difference between VTGE and VTG.
The velocity profiles VTGE associated with beach 1 (Figure 2 , top) have three distinct maxima located at approximately x = 20, 125 and 250 m. We will sometimes consider these separate velocity peaks to be distinct alongshore jets. Most of the momentum in the velocity profile on beach 1 is contained in the jet centered at 125 m, which is -'55 m seaward of the bar crest. There is very little forcing of the alongshore velocity in the trough located near x = 50 m. The forcing velocity profiles VTGE for beach 2 have two distinct alongshore jets. The inner jet reaches a maximum at x = 15 m and decreases to a minimum in the trough at x = 45 m. The outer jet has a maximum at x = 90 m just outside of the bar crest at x 80 m.
The most dynamically significant difference between the velocity profiles on beaches 1 and 2 is that there is stronger shear (i.e., a narrower jet) in the offshore jet on beach 2. Bowen and Holman [1989] and Allen et al. [1996] showed that an increase of the shear offshore of the maximum in the velocity profile can lead to an increase in the growth rates and to a decrease in the length scales of the instabilities that develop in the alongshore currents.
For analysis of the experiments it is useful to define the following variables and averaging operations. The vertical component of vorticity is = -uy (11) and the potential vorticity is q = c/h. From (la) a transport stream function may be defined such that hu=t,, hv=.
The alongshore and time averages of a quantity are given by v(x,y,t)dy,
3. Results
Basic Flow Features
The linear stability of the forced velocity profiles over barred beach topography is determined in the standard manner [e.g., Drazin and Reid, 1981] . Solutions of the form = Re{(x)exp[ik(y -(c,. + ic)t)]} (19) for the perturbation streamfunction / are obtained numerically from the linearized potential vorticity equation as a function of the alongshore wavenumber k. The method of solution, discussed in Appendix C, is similar where huv = hüi.
v(x, y, t) = (v) + v' (x, y, t) v(x,y,t) =1Y+i3 (x,y,t) v(x,y,t) = () +(x,y,t).
For the across-shore velocity u we note that with h = h(x) and periodicity in y, (la) implies i = 0. Using (10), the time-and alongshore-averaged p momentum equation (ic) can be written / (VVTGE) +Kuv4(v -VTGE)) = 0, (18) to that utilized in Allen et al. [1996] , with the exception that the biharmonic diffusion terms are included here. The real part of the phase speed c,. gives the alongshore rate of propagation of the linear modes, while the imaginary part multiplied by k gives the growth rate The bottom friction coefficient p, the governing dimensionless parameter Q (4), Q/Qc (Qc -Q)/Qc, the maximum of the forcing profile VTGEm, the maximum of the observed time-averaged alongshore current (V)m and the observed alongshore propagation velocity c0.
tween 126 and .-..'lOOO m. For p > Pc = 0.00182 m s the flow is linearly stable. We denote the corresponding critical value of Q as Qc, such that for Q Qc the flow is linearly stable.
The growth rates for beach 2 are presented in Figure 3 (bottom) . The values of p used on beach 2 are significantly higher than those used on beach 1 because in this case the profiles are more unstable, so that p = 0.00482 iii s is approximately a factor of 2.6 greater than beach 1. The e-folcling times of the fastest-growing modes for beach 2 are 1.5, 2.5, 5.3, and 12.9 mm for these values of p. The fastest-growing linear modes have alongshore wavelengths of 130 m for all values of p.
Parameters for the experiments on both beaches are presented in Table 1 . The ratio zQ/Qc = (Qc - . We describe this type of flow behavior as an equilibrated shear wave. In this experiment, when the waves reach finite amplitude, they adjust the time mean current in a manner that stabilizes the flow as discussed iii more detail in section 3.3.
In the second experiment, with p = 0.00116 m s, a pair of vortices of opposite sign (loosely termed dipoles, even though the vortices are of finite size and possibly of unequal strength) located offshore at x = 300 m and y = 200 m are evident. Except for this localized disturbance the nearshore jet is similar to but slightly more irregular than the p = 0.00145 m s1 case, with coherent alongshore propagating vortices over the sandbar and in the trough. Again, there are five clearly discernible vortices located over the sandbar, but in this case the positive vortices are observed to pulsate, stretch, catch up, and merge with one another. Occasionally, vortices will break away from the alongshore current and move offshore. 
of about 200-300 m. These features remain confined to the outer region of the current, where they form fronts of vorticity, roll up, and sometimes merge with the disturbances in front or behind in an irregular manner. This behavior is reminiscent of that found over plane beaches by Allen et al. [1996] .
At the lower frictional values, p = 0.00142 and 0.00085 m s, the vorticity fields become progressively more complex and resemble turbulent shear flows in which eddies are formed in an unsteady manner and either propagate alongshore or break away from the current and move offshore of the sandbar. For p = 0.00142 m s1 an offshore propagating dipole may be seen at approximately (x, y) = (400, 100) m. In the experiment with p = 0.00085 m s1 the nearshore region is populated with energetic eddies. An event has just occurred at (x, y) (400, 800) m where a positive (blue) vortex has "sheared out" and destroyed its weaker companion negative (red) vortex, creating a weakly negative (yellow) circle around the core of positive vorticity. This process is frequently observed in the experiments and occurs when the weaker member of an offshore propagating dipole is elongated by the shear from its partner of opposite sign. When this occurs, offshore propagation stops and the remaining vortex spins down from bottom friction with little change in position unless another vortex approaches close enough (100 m) to interact. Often, opposite-signed vortices in the offshore region set one another in motion, propagating along curved paths if they are of unequal strength. Occasionally, two vortices of the same sign will orbit one another or merge to form a stronger vortex. The vorticity fields from experiments on beaches 1 and 2 in Plate 1 show that there are several different flow regimes that can develop from nonlinear instabilities of alongshore currents. Four general categories of flows that develop include (1) equilibrated shear waves, (2) fluctuating eddies confined to the current, (3) fluctuating eddies that are primarily confined to the current but with some eddies that break away from the alongshore jet, and (4) a turbulent shear flow in which the energetic eddy field in the alongshore current fills the nearshore region and continuously sheds eddies that populate a region offshore of the sandbar. Similar qualitative results are found for both beaches 1 and 2 and also in additional experiments not presented here with other beach bathymetries, alongshore domain lengths, and/or wave field forcing conditions. Thus the qualitative nature of resulting flows appears to be robust for barred beaches with forcing from the Thornton and Cuza 1986J submodel and appears to be independent of the specific beach profile used in the model.
Flow Properties
The time-and alongshore-averaged perturbation kinetic energy KE = (i2 + 132) for experiments over beach 1 and beach 2 are shown in Figure 7 as a function of x. For the cases with the lowest bottom friction, p = 0.00060 m s (beach 1) and p = 0.00085 m s (beach 2), significant perturbation energy extends beyond 500 m offshore. For the equilibrated shear wave cases (largest p values) the perturbation energy is confined within the region of forcing of the alongshore jets (within 175 and 125 m of the shore). Note that for beach 2, there is very little perturbation kinetic energy in the inshore region x < 40 m. In general, as the bottom friction decreases, the kinetic energy in the perturbations increases, and the distribution broadens and spreads offshore. The maxima of perturbation kinetic energy generally occur at the location of strongest mean alongshore velocities, i.e., at x = 80-90 m. The v(x0, y, t) spectra (Figure 8 , bottom) for experiments on beach 1 include similar distribution of energy to the u spectra with two main differences. First, the v spectra contain energy maxima at k = 0 owing to contributions from 11 not present in u and correspondingly higher energy at low values of k and w. Second, at higher k and w the v spectral levels are not as large as those of u.
To examine the effect of the alongshore domain length L() on the flow, additional experiments were run with L) = 2560 and 2400 m for bottom friction coefficients of p = 0.00087 and 0.00060 m s1, respectively. These experiments produce results essentially equivalent to those obtained with 1280 and 1200 m. In particular, the resulting (w, k) spectra for u(x0, y,t) and v(xo,y,t) are nearly identical to those shown in Figure  8 . The differences between the equilibrated shear wave regime and the progressively more unsteady cases at lower friction are illustrated by the alongshore wavenumber-frequency spectra of the across-shore and alongshore velocities in Figures 8 and 9 . The spectra in Figures 8 and 9 are calculated from u(xo, y, t) and y, t) where the offshore location X (specified in the captions for Figures 8 and 9 ) is generally close to the location of the maximum of VTGE. We examine the u spectra from the beach 1 experiment in Figure  8 first. For the highest friction p = 0.00145 m s1, the energy is strongly localized at the point (k,w) = The spectra are calculated using a cosine taper on the first and last 10% of the time series, and the resulting spectra are band averaged over 10 frequencies. The contour levels are 10_i, 100, and 101 m2
The wavenumber-frequency spectra for experiments with beach 2 are shown in Figure 9 
extends to higher frequencies for beach 2 than for beach respectively. The v(xo, y, t) wavenumber-frequency spectra for experiments on beach 2 show the same trends as for beach 1. The energy in v is concentrated about the same band, = w/k, as for u but with maxima at (k,w) = (0,0). To examine the effect of the choice of x0 on the estimate of Co = w/k, alongshore wavenumber-frequency spectra from the vorticity fields were calculated for different across-shore positions between 10 < xo < 250 m. The resulting estimates for CO are remarkably independent of x0 and of the local mean velocities (fl). This evidently reflects the basic propagating nature of the fluctuations as waves, even in the more turbulent cases.
The time mean velocity profiles (v) at y = from a 15 hour portion of the experiments (5 < t < 20 h) are compared with the velocity profiles VTCE for the experiments with JA = 0.00145 and 0.00060 m s on beach 1 in Figure 10 . In both cases the mean velocity profiles (v) are broader and their maxima are smaller than the forcing profiles VTGE. In the high friction case the mean alongshore current has a maximum value of (V)M = 0.50 m s1 compared to the maximum VTGE value of 0.60 m s-1. In the low friction case the difference is more dramatic. In the absence of nonlinear dynamics, the forced velocity profile VTGE would achieve a frictionally balanced maximum velocity of 1.45 m s', but the observed maximum mean velocity (V)M is closer to 0.7 m s1. Inside of 40 m, diffusion by the biharmonic friction contributes to the momentum balance as a result of the large gradients in VTGE and () near the coast. For x > 40 rn biharmonic friction plays essentially no role in the momentum balance. The residual term is the sum of the other terms in the equation and is relatively small. It would be expected to be zero for a long enough time average or y average over a statistically steady and homogeneous flow. In these experiments, averaged in time over 12 hours and in y over this assumption is approximately satisfied.
The real part of the alongshore wavenumber-frequency cross spectra calculated from u(xo,y,i) and v (xo,y,t) for experiments on both beaches are shown in Figure 13 at the same offshore locations as for the u and v spectra in Figures 8 and 9 . These spectra indicate the contributions from different wavenumbers and frequencies to the Reynolds stress (huv), which is responsible for the across-shore exchange of alongshore momentum. The w -k distributions in the real part of the cross spectra are generally similar to the u(xo, y, t) spectra in Figures   8 and 9 with an apparent shift of the larger spectral levels to somewhat lower values of w and /c, evidently reflecting the characteristics of the v spectra for small w and k. Time-and space-lagged correlations (u'(xo,yo+yL,t+tL)u'(xo,yo,t)) (20) (u2 (xo, yo+yL, t+tLflW2 (zil2(xo, yo, t) The decrease in correlation scales as decreases clearly illustrates the transition from equilibrated shear waves to a more turbulent shear flow. The above results from the space-and time-lagged correlations lead us to analysis of the flow in a frame of reference that translates alongshore at the dominant propagation velocity c0. The time mean vorticity fields (((x,i)) where i = y -c0t are plotted in Plate 3 (top) for beach 1. For each value of bottom friction the alongshore propagation velocity e0 is determined from the wavenumber frequency spectra. The velocities used are = 0.269, 0.306, 0.434, and 0.546 m s1 in order of highest to lowest friction. The vorticity field in this translating coordinate system is averaged over a 10 hour period, from t = 6.7 to 16.7 hours, in the nearshore re--gion 0 < x < 500 m. The rms vorticity fluctuations (rms = ([((x, i) (((x, ) )J2)h/2 about the mean are shown in Plate 3 (bottom) for the same 10 hour period. For = 0.00145 m s1 the time mean captures the coherent alongshore propagating structure of the vorticity field. There are five distinct alongshore wavelengths evident in the region of the strongest mean alongshore current, centered at approximately x = 100 m. The mean vorticity field in Plate 3 is very similar to the instantaneous vorticity field at t = 15.3 hours shown in Plate 1. The vorticity field in this experiment propagates at a nearly uniform velocity. The rms vorticity fluctuations (Plate 3, bottom) occur in a well-defined pattern around the perimeters of each of the five mean vortex structures, indicating that they fluctuate weakly in a regular manner as they propagate alongshore.
For the lower frictional experiments, coherent structures in the mean vorticity fields are less clearly defined, and the mean vorticity is more uniform in the alongshore direction. Nevertheless, the positive vorticity in the region 50 < x < 130 m remains relatively strong and shows evidence of an approximate 250 m alongshore length scale. At the same time, the rms fluctuations become stronger and distributed over a larger spatial region. For p = 0.00060 m s1 the region between 100 <x <400 m becomes dominated by offshore excursions of strong vortex dipole events that appear as streaks in the rms fields. Note also that there is a relative minimum in the rms fields located at approximately x = 90 m, where the mean vorticity is largest.
Alongshore Propagation
Results from application of linear stability analysis to the time--and alongshore-averaged velocity profiles () are shown in Figure 14 . Growth rates kc, as a function of wavenumber k, from the experiments for both beach 1 and beach 2 are plotted. For beach 1 the mean velocity profiles for p = 0.00060, 0.00087, and 0.00116 m s are unstable, while the mean ve--locity profile for p = 0.00145 m s1 is stable. We note first that the growth rates kc in Figure 14 are approximately an order of magnitude smaller than the growth rates shown in Figure 3 14 for beach 1 are that the alongshore wavelengths predicted for the most unstable mode for the mean velocity profiles (272 to 283 m) are approximately the same as the alongshore wavelengths predicted for the most unstable modes for the forced velocity profiles VTGE and are also close to the wavelengths obtained from the wavenumber-frequency spectra at the points of maximum energy. For beach 2 the effective forcing profiles VTGE ( Figure   3 ) have fastest growth at wavelengths of about 130 rn. This is similar to the results from the mean profiles (o) in Figure 14 where the wavelengths range from 138 m for p = 0.00085 ms1 to 176 m for p = 0.00256 ms1.
The numerical experiments show that significant energy is contained at these wavelengths though the maximum energy in the wavenumber-frequency spectra are at generally greater alongshore wavelengths of 300, 400, and 200 m for p = 0.00085, 0.00142, and 0.00256 m s1
respectively.
Linear stability analysis also gives values for the velocity of propagation c,. of the most unstable linear mode. Three values of propagation velocity are compared in Figure 15 : the values found from linear stability analysis of VTGE and of (U) and the observed values c0 found from the wavenumber-frequency (k,i) spectra. Propagation velocities are not predicted from (13) for p = 0.00145 rn s1 on beach 1 because linear theory did not predict unstable modes. For beach 1, propagation velocity predictions are similar for VTGE and (U) and both agree over the range of p with the values of CO obtained from the (k,w) spectra, even when VTGE arid (U) differ substantially. For beach 2 the propagation velocities from the linear stability analysis of VTGE and (U) likewise do not differ greatly. The observed velocities c0 agree well with the linear stability results from (U) for p 0.00256 m s, but the agreement is not as good at smaller p. We discuss these results further in the next section.
The ratio of the maximum of the mean alongshore velocity (13) and the local maximum between 50 < x < 200 m of VTGE, denoted by (13) m for beach 2. Also plotted is the ratio of the observed alongshore propagation velocities CU, determined from wavenumber-frequency spectra, to VTGE. Values of c0 /VTCEm generally decrease with decreasing friction. This effect is somewhat more pronounced for beach 2 (Figure 16 , bottom) than for beach 1 ( Figure  16 , top). Both beaches show nearly linear decreases of ()m /VTOEm with decreasing p from -'0.8 for beach 1 and 0.9 for beach 2 at high values of p to '--'0.4 at low friction for both beaches. This result is consistent with the variation in across-shore structure of (v) relative to V-raE as p decreases (Figures 10 and 11 ). 
Summary
Results of numerical experiments of the nonlinear development of alongshore currents over two barred beaches have been presented. In these experiments the forcing is coupled to the bottom topography by the Thornton and Guza [1986] model, which parameterizes the effects of obliquely incident breaking surface waves and translates that into alongshore momentum input.
The flow response depends on the dimensionless parameter Q. Different parameter ranges of Q are explored (Table 1) from rest. During the initial transient period, propagating disturbances grow with wavelengths and phase speeds that are well predicted by linear stability theory. There are roughly four classes of nonlinear flows that develop after the unstable perturbations grow in amplitude. For relatively large iz ( < Pc), equilibrated shear waves develop that stabilize at finite amplitude and propagate alongshore at a uniform phase velocity. The wavelength and phase speeds of the equilibrated waves are in agreement with the predictions for the fastest-growing linearly unstable mode. The second class of flows that develop, at slightly lower friction, are fluctuating vorticity waves. The vorticity fields associated with theses waves generally maintain the structure of individual positive vortices, but these fluctuate in an irregular fashion within the confines of the mean alongshore current as they propagate alongshore at a nearly constant phase speed. Occasionally, these positive vortices will merge as one vortex overtaLces another. The third class of flows is characterized by the shedding of vortex pairs of opposite sign that break away from the nearshore region and propagate offshore of the sandbar. The final class of flows, at still lower values of bottom friction, fits the description of a turbulent shear flow. Here the alongshore currents are dominated by energetic eddies that continuously form, merge, and interact in a complex fashion. In these flows, oppositely signed vortex pairs and single vortices are continuously shed from the region of alongshore current, creating an offshore eddy field with significant turbulent kinetic energy measured out to distances 500-700 m offshore.
Wavenumber-frequency spectra show that for the equilibrated shear waves the energy is tightly confined around the particular w and k values corresponding to the dominant frequency and wavenumber of the steadily propagating regular waves. As the friction is decreased, the energy spreads progressively to higher wavenumbers and frequencies generally along a line corresponding to the phase velocity of the vorticity waves w/k = CAJ. It is worth noting the strong qualitative differences in appearances of the spectra for the equilibrated shear waves compared to the more irregular flows at low friction.
The T-G model has evidently been successful at making mean alongshore current predictions on plane (i.e., constant slope) beaches [e.g., Thornton and Guza, 1986) . T-G model predictions over barred beaches, however, have not been successful when compared with field observations [Church and Thornton, 1993) . When a sandbar is present, the T-G model predicts the largest alongshore currents over the sandbar and near the shore with relatively weaker currents in the trough. This leads to two distinct regions of momentum input (jets). Typically, however, the observed alongshore current is found to be just as strong in the trough as it is over the bar or near the shore [Snñth et at., 1993) . The time mean alongshore currents (u) plotted in Figures  10 arid 11 demonstrate that turbulent eddies caused by shear instabilities of the alongshore current may be responsible for diffusing alongshore momentum into the trough. The horizontal diffusion of mean alongshore momentum is supported by the gradient of the Reynolds stress ((huv)). Thus across-shore diffusion of the mean aLongshore momentum by larger-scale current instabilities may be an important consideration in reconciling field observations with predictions from T-G type models.
In each of the four classes of shear flows that develop, flow features propagate alongshore at a dominant characteristic velocity. These propagation velocities are clearly revealed by the energy spectra in wavenumberfrequency space and by time-and space-lagged correlations. By utilizing a coordinate system translating alongshore at the observed characteristic velocity, useful information about the magnitude and structure of the mean and fluctuating parts of the vorticity fields can be obtained. In this way it is shown quantitatively that for the equilibrated waves, nearly all of the vorticity is contained in the mean field. It is also clearly shown how the magnitudes of the fluctuations increase as p decreases.
Application of linear stability analysis to the timeaveraged alongshore currents (V) (Figure 14 ) is motivated by similar applications to field data [e.g., Dodd et at., 1992] . In those studies, linear stability analysis of observed time-averaged alongshore velocity profiles have been used to estimate wavelengths and phase speeds of shear instabilities. These estimates appear to agree with the observed values. The generally good agreement could lead to the interpretation of observed shear instabilities as being weakly nonlinearly equilibrated shear waves. We have shown here (Figures 14-16 ) that linear stability analysis of time-averaged velocity profiles from flows with equilibrated shear waves can imply stability and that linear stability analysis from flows with irregular fluctuations can give predictions of unstable waves with propagation velocities and alongshore wavelengths in reasonable agreement with the observed values. In general, the growth rates of the unstable waves are substantially smaller than those found with the VTCE profiles. Forcing with the mean (U) profiles from the VTG experiments leads to nonlinear flows with weaker shear wave environments. The (U) experiments, however, produce similar alongshore wavelengths, propagation velocities, and time mean alongshore velocity profiles compared to their more turbulent counterparts forced with VTG. The implication is that good agreement of measured values of propagation velocities and wavelengths with predicted values obtained from linear stability analyses of time-averaged velocity profiles does not necessarily imply a weakly nonlinear flow regime. It is possible that energetic eddy fields, which have yet to be clearly identified from existing analyses of field observations, may be present in the nearshore region.
Several of the findings in this study of shear waves over barred beaches with forcing from the Thornton and Cuza [1986] model differ from the results found by Allen et at. [19961 for shear wave behavior over plane beaches.
One of the most significant differences is that over barred beaches, lowering the friction spreads significant energy in the alongshore wavenumber-frequency spectra to smaller length and shorter timescales. On plane beaches at low friction, shorter-wavelength disturbances tend to merge, creating propagating disturbances with longer characteristic length scales and longer timescales. Possible causes for the different flow development include the different velocity profiles predicted by the T-G model. The T-G model applied to plane beaches forces a single broad alongshore jet, qualitatively similar to the idealized forcing profiles assumed in Allen et al. [1996] , while applications to barred beaches produce narrower twin jets. Another reason for the difference might be the dynamical effect of the bottom topography of the sandbar on the instabilities that develop in the alongshore currents. These aspects of the problem are under investigation. Preliminary results indicate that both effects acting together, as in the present experiments, are necessary to produce the barred beach behavior found = 180 m is the center of an offshore trough with amplitude A2 = 0.7 m and width L2 = 50 in. This profile is generated to approximate bathymetry from the Superduck field experiment on October 15, 1986, at Duck, North Carolina, in which a shore-parallel sandbar was located at in offshore [e.g., Dodd et al., 1992] . This beach profile is referred to as beach 1.
The depth profile in Figure 2 cients A1 = 2.97 and A2 = 1.5. This beach profile is an approximate fit to topography measured at Duck, North Carolina, October 11, 1990, as part of the DELILAH (Duck Experiment on Low-frequency and Incident-band Longshore and Across-shore Hydrodynamics) field experiment and is referred to as beach 2.
Appendix B: Thornton and Guza Model Tile alongshore momentum equation is forced using results from the Thornton and Guza [1986] model with a constant linear bottom friction coefficient [see also [Thornton and Guza, 1983] . The T-C model, specialized to the case of a constant linear bottom friction coefficient i, predicts an alongshore velocity profile given by Thornton and Guza [1986, equation (17)] VTC(x) 1 sinà0 , (Bi) where C0 = gT/2ir is the deep water surface gravity wave phase speed, T is the wave period of the peak of the wave energy spectrum (assumed to be narrowband), &0 is the mean offshore wave angle (measured from the onshore direction), P0 is the fluid density (1000 kg m3), and ji is a specified constant value for the bottom friction coefficient. The dissipation function (b(X)) is determined using [Thornton and Guza, 1983, equa- Here h(s) is the water depth; firms(S) is the ms wave height distribution for a narrow-banded wave field; f, = 1/Tn is the peak wave frequency; -y is the breaker index, taken here to be 0.43 (following typical values utilized by Thornton and Guza [1986] ); g is the gravitational acceleration (9.8 m s2); and B is an empirical constant that accounts for various breaker intensities. Optimal values of B in the T-G model have been reported in the range between B = 1.5 [Thornton and Guza, 1983] and B = 0.8 1 Thornton and Guza. 1986 ]. Here we take B = 1.2.
The rms wave height Hrms is determined by integrating the relation [Thornton and Guza, 1986, equation 
from an offshore location to the beach. Equation (B3) indicates that the across-shore gradient of the wave field energy flux E Cg cos a, where E = pgH,?ms/8, is balanced by the dissipation of wave energy from breaking. The term C9(s) cos[â(x)J represents the onshore component of the group velocity vector of the oncoming wave field. The derivative on the left-hand side of (B3), 
, dx is discretized using one-sided finite differences. The difference equation is solved with a marching procedure in the onshore direction from an offshore location at 5 = sj, outside of the region of wave breaking, to the shore. Conditions required at x = s include Hr,ns (xj) and Tp, and a(s1) is determined from the specified deep water wave angle &a using Snell's law.
The x component of the group velocity C9 varies with depth in shallow water and is determined from [Thornton and Guza, 1983, equation (10) The phase velocity C(s) = a/k(s) is found by utilizing the dispersion relation a2 = gk tanh (kh) with a = 27r/Tp to find k(s). We have used an approximate method, based on that of Eckart [see, e.g., Dean and Datrymple, 1991, section 3.5] , to obtain k(s). This approximate method produces results for both k(s) and VTG(X) that are equivalent within a few percent to exact solutions obtained using iteration of the dispersion relation. The Eckart approximation is implemented us- Figure 18 is the rapid growth rates of modes 9-19, beginning at approximately = 90-120 mm. These modes are linearly stable but are evidently influenced by a different type of instability mechanism when the primary modes begin to grow to appreciable amplitude. The growth rates for 
